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Description

BACKGROUND

1. Technical Field

[0001] The present invention relates to a multilayer antireflection layer containing a high refractive index layer and a
low refractive index layer laminated alternately, a method for producing the multilayer antireflection layer, and a plastic
lens having the multilayer antireflection layer formed on a substrate.

2. Related Art

[0002] A plastic lens for spectacles generally has on the surface thereof a hard-coat layer for preventing scratches
and an antireflection layer. The hard-coat layer is formed on the surface of the lens substrate, and the antireflection layer
is formed on the surface of the hard-coat layer. A so-called multilayer antireflection layer, which contains substances
having different refractive indices laminated alternately, is generally used as the antireflection layer. Known examples
of the multilayer antireflection layer include a multilayer antireflection layer having a high refractive index layer that forms
a grain boundary (see, for example, JP-A-2007-279203). JP-A-2007-279203 states that by using the multilayer antire-
flection layer, such a lens for spectacles can be provided that suffers less distortion under a high humidity environment
and has excellent scratch resistance.
[0003] However, the lens for spectacles disclosed in JP-A-2007-279203 is still insufficient in scratch resistance.

SUMMARY

[0004] An advantage of some aspects of the invention is to provide a multilayer antireflection layer that has a grain
boundary and has excellent scratch resistance, a method for producing the multilayer antireflection layer, and a plastic
lens having the multilayer antireflection layer formed thereon.
[0005] In an aspect of the invention, a multilayer antireflection layer is provided that contains a high refractive index
layer and a low refractive index layer that are laminated alternately. The high reflective index layer has a grain boundary,
and particles forming the grain boundary have an average particle diameter of 30 nm or less.
[0006] According to the multilayer antireflection layer of the aspect of the invention, the high reflective index layer has
a grain boundary, and particles forming the grain boundary have an average particle diameter of 30 nm or less, whereby
the high refractive index layer has an increased density to enhance the scratch resistance thereof significantly.
[0007] It is preferred that the average particle diameter of the particles forming the grain boundary is from 14 to 30
nm, more preferably from 20 to 30 nm, further preferably from 20 to 27 nm, and particularly preferably from 20 to 25 nm.
[0008] According to this configuration, the average particle diameter of the particles forming the grain boundary is
from 14 to 30 nm, whereby such a multilayer antireflection layer can be provided that has both scratch resistance and
impact resistance.
[0009] It is preferred that the high refractive index layer contains at least one of zirconium oxide, tantalum oxide and
niobium oxide.
[0010] According to this configuration, the high refractive index layer contains at least one of zirconium oxide, tantalum
oxide and niobium oxide, whereby the high refractive index layer can be hardened, and thus such a multilayer antireflection
layer can be provided that has both scratch resistance and impact resistance.
[0011] It is preferred that the low refractive index layer contains silicon oxide.
[0012] According to this configuration, the low refractive index layer contains silicon oxide, whereby such a multilayer
antireflection layer can be provided that has both scratch resistance and impact resistance.
[0013] In another aspect of the invention, a plastic lens is provided that contains a plastic lens substrate having formed
thereon the multilayer antireflection layer.
[0014] According to the plastic lens of the aspect of the invention, such a plastic lens can be provided that has increased
scratch resistance owing to the multilayer antireflection layer formed thereon.
[0015] In still another aspect of the invention, a method for producing the multilayer antireflection layer of the aspect
of the invention is provided. The method contains forming the high refractive index layer by a dry film forming method.
[0016] Known examples of the method for forming a thin film include a wet film forming method and a dry film forming
method. A sol-gel method is ordinarily employed as the wet film forming method, but according to the method, an organic
substance may remain inside the thin film upon forming an oxide by heating the gel. The organic substance remaining
may prevent the hardness of the thin film from being increased sufficiently, thereby decreasing the scratch resistance
thereof. Upon forming the thin film on a surface of a plastic substrate, in particular, the heating temperature of the gel
cannot be sufficiently high, and an organic substance is liable to remain inside the thin film. Consequently, a thin film
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that is formed on a surface of a plastic substrate by a wet method, such as a sol-gel method, has considerably low
hardness and thus has deteriorated scratch resistance.
[0017] In the aspect of the invention, the high refractive index layer is formed by a dry film forming method, whereby
such a multilayer antireflection layer can be provided that is dense and hard and has excellent scratch resistance, as
compared to one formed by a wet method, such as a sol-gel method. It is more effective that not only the high refractive
index layer but also the low refractive index layer are formed by a dry film forming method. The dry film forming method
is low in environmental load since the dry film forming method does not use a solvent, which is necessarily used in the
wet film forming method.
[0018] Examples of the dry film forming method include a physical vapor phase deposition method (PVD, such as
vapor deposition, sputtering and ion plating) and a chemical vapor phase deposition method (CVD). Among these, an
ion assisted vapor deposition method is preferred in the aspect of the invention. In the case where the thin film is formed
by an ion assisted vapor deposition method, the density of the high refractive index layer can be increased, whereby
such a multilayer antireflection layer can be provided that has both scratch resistance and impact resistance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The invention will be described with reference to the accompanying drawings, wherein like numbers reference
like elements.
[0020] Fig. 1 is a schematic cross sectional view showing a plastic lens for spectacles according to an embodiment
of the invention.
[0021] Fig. 2 is a schematic illustration showing an example of a vapor deposition apparatus used in the embodiment
of the invention.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0022] Hereinafter, embodiments of the invention will be described with reference to the drawings.
[0023] Fig. 1 is a schematic cross sectional view showing a plastic lens for spectacles 10 according to an embodiment
of the invention. The plastic lens for spectacles 10 has a transparent plastic lens substrate 1, a hard-coat layer 2 for
preventing scratch from being formed, and a multilayer antireflection layer 3, which is an optical multilayer film containing
seven layers. The hard-coat layer 2 may be omitted, and the antireflection layer 3 may be formed directly on the lens
substrate 1.

1. Lens Substrate

[0024] Examples of a resin forming the substrate 1 include transparent plastics, such as a (meth)acrylic resin, a
thiourethane resin, an allyl resin, an episulfide resin, a polycarbonate resin, a polystyrene resin, a diethylene glycol
bisallyl carbonate resin (CR-39), a polyvinyl chloride resin and a halogen-containing copolymer.
[0025] The substrate 1 preferably has a refractive index of 1.6 or more for adapting to the refractive index of the hard-
coat layer 2 that contains titanium oxide. Preferred examples of the resin include an allyl carbonate resin, an acrylate
resin, a methacrylate resin, a thiourethane resin and an episulfide resin, and among these, a thiourethane resin and an
episulfide resin are particularly preferred from the standpoint of refractive index.

2. Hard-coat Layer

[0026] The hard-coat layer 2 may be formed of an organic material solely, an inorganic material solely or a composite
material of them, and a composite material is preferably used since high hardness can be obtained, and the refractive
index can be controlled. The refractive index of the hard-coat layer 2 may be controlled to a value equivalent to the
refractive index of the substrate 1, thereby preventing formation of interference fringes and decrease in transmittance,
which occur due to reflection at the interface between the hard-coat layer 2 and the substrate 1.
[0027] Specifically, a hard-coat liquid for forming the hard-coat layer 2 preferably contains the component (A) and the
component (B) shown below, whereby the hard-coat layer has sufficient hardness after curing. The term "lens substrate"
may include the hard-coat layer in some cases.
[0028] The component (A) is an organic silicon compound represented by the general formula R1SiX13 (wherein R1
represents an organic group having a reactive group capable of undergoing polymerization, such as a hydrocarbon
group having from 1 to 6 carbon atoms; and X1 represents a hydrolyzable group).
[0029] The component (B) is inorganic oxide particles containing titanium oxide having a rutile type crystalline structure.
[0030] The component (B) is preferably rutile type titanium oxide particles having a particle diameter of from 1 to 200
Pm. The hard-coat layer is preferably formed of a composite material containing, in addition to the rutile type titanium
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oxide particles, metallic oxide particles of silicon, tin, zirconium or antimony having a particle diameter of from 1 to 200
Pm or composite oxide particles thereof combined thereto, for controlling the refractive index.
[0031] In the case where titanium is used as the inorganic material, it is preferred to use composite oxide particles
having such a structure that titanium oxide having a rutile type crystalline structure or titanium oxide is enclosed with
silicon dioxide, for preventing deterioration in light resistance of the hard-coat layer 2 and the substrate 1 (specifically,
decrease in transmittance due to yellowing, separation of layers due to deterioration of the interfaces, and the like) due
to the light activity of titanium. It is preferable that the thickness of the hard-coat layer 2 is several Pm from the standpoint
of less scratches.
[0032] A primer layer may be provided between the substrate 1 and the hard-coat layer 2 for enhancing adhesion
between the substrate 1 and the hard-coat layer 2.

3. Multilayer Antireflection Layer

[0033] As shown in Fig. 1, the multilayer antireflection layer 3 has a five-layer structure containing low refractive index
layers 3L1, 3L2 and 3L3 and high refractive index layers 3H1 and 3H2 that are laminated alternately.
[0034] The low refractive index layers 3L1, 3L2 and 3L3 may be formed by an ordinary vapor deposition method in
such a temperature range that the plastic lens substrate is not deformed, and in this embodiment, are silicon oxide layers
(SiO2 layers).
[0035] Examples of a material that can be used as the high refractive index layers 3H1 and 3H2 include ZrO2 (zirconium
oxide), Ta2O5 (tantalum oxide) and Nb2O5 (niobium oxide).
[0036] The multilayer antireflection layer 3 can be formed on the substrate 1 or the hard-coat layer 2 with an ordinary
ion assisted electron beam vapor deposition (IAD) apparatus.
[0037] Fig. 2 is a schematic illustration showing a vapor deposition apparatus 100 used for producing the antireflection
layer 3 of the embodiment. As shown in Fig. 2, the vapor deposition apparatus 100 is a so-called electron beam vacuum
deposition device containing a vacuum chamber 11, an evacuating device 20 and a gas feeding device 30. The evacuating
device 20 contains a turbo molecular pump 21 and a pressure controlling valve 22, and the gas feeding device 30
contains a gas cylinder 31 and a flow rate controlling device 32. A pressure gauge 50 is provided at the lower part of
the vacuum chamber 11.
[0038] The vacuum chamber 11 has inside evaporation sources (crucibles) 12 and 13 having vapor deposition materials
placed therein, a heating unit 14 for heating and melting (evaporating) the vapor deposition materials in the evaporation
sources 12 and 13, a substrate pedestal 15 having the substrate 1 placed thereon, a heater 16 for heating the substrate
1, a filament 17, an ion gun 18 for ionizing a gas introduced and accelerating and radiating the ionized gas to the substrate
1, and the like. A cold trap for removing water remained in the vacuum chamber 11, a device for managing the thickness
of the layers, and the like may be provided in the vacuum chamber 11 depending on necessity.
[0039] The evaporation sources 12 and 13 are crucibles having vapor deposition materials placed therein, and disposed
at the lower part of the vacuum chamber 11.
[0040] The heating unit 14 accelerates and deflects thermal electrons, which are generated with heat from the filament
17, with an electron gun, whereby the thermal electrons are radiated on the vapor deposition materials placed in the
evaporation sources 12 and 13, thereby evaporating the vapor deposition materials. Accordingly, so-called electron
beam vapor deposition is performed. The acceleration electric current is not particularly limited and can be controlled
in relation to the necessary vapor deposition rate in consideration of the close correlation between the acceleration
electric current and the vapor deposition rate.
[0041] Other examples of the method for evaporating the vapor deposition material include a method of melting and
evaporating the vapor deposition material by electrifying a resistive material, such as tungsten (i.e., so-called resistance
heating vapor deposition), and a method of radiating high energy laser light to a material to be evaporated.
[0042] The substrate pedestal 15 is a pedestal, on which a prescribed number of the substrates 1 are placed, and is
disposed at the upper part of the vacuum chamber 11 to face the evaporation sources 12 and 13. The substrate pedestal
15 preferably has a rotation mechanism for ensuring uniformity of the antireflection layer 3 formed on the substrate 1
and for enhancing the mass productivity.
[0043] The heater 16 for heating the substrate contains, for example, an infrared lamp, and is disposed above the
substrate pedestal 15. The heater 16 for heating the substrate degasses the substrate 1 and evaporates water therefrom
by heating the substrate 1, thereby ensuring adhesion of a layer formed on the surface of the substrate 1.
[0044] As the heater 16 for heating the substrate, a resistance heater or the like may be used instead of the infrared
lamp, but an infrared lamp is preferably used in the case where the substrate 1 is formed of plastics.
[0045] The substrate 1 having the hard-coat layer 2 formed thereon is placed on the substrate pedestal 15 inside the
vacuum chamber 11, and then the vacuum deposition apparatus 100 is operated to form the multilayer antireflection
layer 3.
[0046] In general, zirconium oxide is obtained as an amorphous layer, but in this embodiment, the layers formed of
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zirconium oxide (zirconium oxide layers) 3H1 and 3H2 are formed as crystalline layers (containing polycrystals and
having a grain boundary) by increasing the output power of the ion gun. Preferred conditions for forming the zirconium
oxide layers 3H1 and 3H2 as crystalline layers are an acceleration voltage of from 400 to 1,000 V and an acceleration
current of from 50 to 300 mA.
[0047] The particle diameter of the particles divided by the grain boundary is decreased by increasing the acceleration
voltage or increasing the acceleration current. The particle diameter of the particles divided by the grain boundary is
increased by decreasing the acceleration voltage or decreasing the acceleration current. According to the manners, the
high refractive index layers (zirconium oxide layers) 3H1 and 3H2 can be controlled to be polycrystalline layers having
a grain boundary and an average particle diameter of from 14 to 30 nm.
[0048] In the case where tantalum oxide or niobium oxide is used as the material for the high refractive index layer,
the same conditions as in the case using zirconium oxide may be applied, thereby forming a high refractive index layer
as a polycrystalline layer having a grain boundary and an average particle diameter of 30 nm or less.
[0049] The particle diameter and the average particle diameter of the particles can be obtained by measuring the
unevenness on the vapor-deposited surface with an atomic force microscope. A specific measuring method will be
described later.
[0050] A water repelling layer and an antifogging layer may be formed on the multilayer antireflection layer 3 depending
on necessity.
[0051] According to the embodiment, following advantages may be obtained, for example.
[0052] The high refractive index layers (zirconium oxide layers) 3H1 and 3H2 constituting the multilayer antireflection
layer 3 are polycrystalline layers having a grain boundary inside and having an average particle diameter of 30 nm or
less, whereby the high refractive index layer has an increased density to enhance the scratch resistance thereof signif-
icantly.
[0053] The high refractive index layers (zirconium oxide layers) 3H1 and 3H2 constituting the multilayer antireflection
layer 3 have an average particle diameter of the particles forming the grain boundary of from 14 to 30 nm, whereby such
a multilayer antireflection layer can be provided that has both scratch resistance and impact resistance.
[0054] The average particle diameter is preferably 20 nm or more from the standpoint of impact resistance, and is
preferably 27 nm or less and more preferably 25 nm or less from the standpoint of scratch resistance.
[0055] The high refractive index layers (zirconium oxide layers) 3H1 and 3H2 constituting the multilayer antireflection
layer 3 are formed of zirconium oxide, whereby the high refractive index layer can be hardened, and thus such a multilayer
antireflection layer can be provided that has both scratch resistance and impact resistance.
[0056] The high refractive index layers 3H1 and 3H2 are formed by a dry film forming method, whereby such a multilayer
antireflection layer can be provided that is dense and hard and has excellent scratch resistance, as compared to one
formed by a wet method, such as a sol-gel method. The embodiment is more effective since not only the high refractive
index layers 3H1 and 3H2 but also the low refractive index layers 3L1, 3L2 and 3L3 are formed by a dry film forming
method. The dry film forming method is low in environmental load since the dry film forming method does not use a
solvent, which is necessarily used in the wet film forming method.
[0057] The ion assisted vapor deposition method is used as the dry film forming method, whereby the high refractive
index layer has an increased density to provide a multilayer antireflection layer having both scratch resistance and impact
resistance. Furthermore, the ion assisted vapor deposition method is a convenient vacuum vapor deposition method,
and thus is advantageous in cost.
[0058] Zirconium oxide (ZrO2) is used as the material constituting the high refractive index layer in this embodiment,
but tantalum oxide (Ta2O5), niobium oxide (Nb2O5) and the like may be used instead. In the case where Ta2O5 or Nb2O5
is used as the material constituting the high refractive index layer, the same conditions as in the case using ZrO2 may
be used for providing a high refractive index layer as a polycrystalline layer having an average particle diameter of the
particles forming a grain boundary of 30 nm or less.
[0059] The method for forming the multilayer antireflection layer is not particularly limited, and various methods, such
as a high frequency sputtering method, a direct current sputtering method, a CVD method (chemical vapor phase
deposition method) and an ion plating method, may be employed.
[0060] The invention will be described with reference to specific examples below. However, the invention is not limited
to the examples, and various modifications and improvements capable of achieving the advantages of the invention are
encompassed by the scope of the invention. In the examples, the numerals and symbols are the same as in the em-
bodiments shown above.
[0061] Specifically, a multilayer antireflection layer was formed on a lens substrate for spectacles and then evaluated
variously as shown below.

Example 1

[0062] A plastic lens for spectacles (Seiko Prestige, produced by Seiko Epson Corporation) having a substrate 1
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having formed thereon a primer layer and a hard-coat layer 2 was used.
[0063] The plastic lens was degassed in the first chamber, which was not shown in the figure, set at a temperature of
60°C, and was subjected to ion cleaning for 2 minutes in the second chamber (vacuum deposition apparatus 100) under
conditions of an acceleration voltage of 500 V, an acceleration current of 250 mA, a bias current of 380 mA and a flow
rate of an oxygen introducing gas of 20 sccm.
[0064] The treatments were performed for cleaning the surface of the substrate, thereby enhancing adhesion between
the substrate and the antireflection film.
[0065] The second chamber was then evacuated to high vacuum with a vacuum degree of 6.0 � 10-4 Pa, and silicon
oxide was vapor-deposited as the first layer. Thereafter, a zirconium oxide layer was deposited as the second layer by
ion assisted vapor deposition at an acceleration voltage of 600 V, an acceleration current of 250 mA, a bias current of
375 mA, which was 1.5 times the acceleration current, and 20 sccm of argon gas introduced. Furthermore, silicon oxide
was vapor-deposited as the third layer, a zirconium oxide layer was deposited as the fourth layer by ion assisted vapor
deposition, and silicon oxide was vapor-deposited as the fifth layer.
[0066] After completing vapor deposition, 100% oxygen gas was introduced to the chamber, and plasma was generated
with a high frequency plasma generator while maintaining the pressure at 4.0 � 10-2 Pa. The conditions for generating
plasma were 13.56 MHz and 400 W, and the treatment was performed for 2 minutes.
[0067] The treatment was performed for activating the surface of the antireflection film, thereby facilitating chemical
bond to an antifouling film.
[0068] Thereafter, an antifouling layer was formed in the third chamber. The third chamber had a structure that was
substantially the same as the second chamber (vapor deposition apparatus 100). Accordingly, the third chamber will be
described based on the vacuum deposition apparatus 100. A fluorine-containing organic silicon compound (KY-130, a
trade name, produced by Shin-Etsu Chemical Co., Ltd.) was used as an evaporation source. Specifically, KY-130 was
diluted with a fluorine solvent (Novec HFE-7200, produced by Sumitomo 3M Co., Ltd.) to prepare a solution having a
solid concentration of 3%, and 1 g of porous ceramic pellets were impregnated with the solution, followed by drying, to
prepare evaporation sources 12 and 13 set in the third chamber.
[0069] Upon forming the film, the pellets as the evaporation sources were heated to 600°C with a halogen lamp as a
heater, thereby evaporating the fluorine-containing organic silicon compound. The vapor deposition time was 3 minutes.
After forming the antifouling layer, the opposite surface of the lens was subjected to the same treatment to form antifouling
layers on both surfaces of the plastic lens for spectacles.
[0070] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Example 2

[0071] The same procedures as in Example 1 were performed except that the conditions for ion assisted deposition
for forming zirconium oxide layers as the second and fourth layers were changed to an acceleration voltage of 600 V,
an acceleration current of 250 mA, a bias current of 375 mA, which was 1.5 times the acceleration current, and 20 sccm
of oxygen gas introduced.
[0072] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Example 3

[0073] The same procedures as in Example 2 were performed except that the vacuum degree in the second chamber
upon starting formation of layers was changed to 1.5 � 10-4 Pa.
[0074] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 4 hours.

Example 4

[0075] The same procedures as in Example 1 were performed except that the conditions for ion assisted deposition
for forming zirconium oxide layers as the second and fourth layers were changed to an acceleration voltage of 600 V,
an acceleration current of 250 mA, a bias current of 375 mA, which was 1.5 times the acceleration current, and 20 sccm
of nitrogen gas introduced.
[0076] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.
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Example 5

[0077] The same procedures as in Example 1 were performed except that the conditions for ion assisted deposition
for forming zirconium oxide layers as the second and fourth layers were changed to an acceleration voltage of 700 V,
an acceleration current of 250 mA, a bias current of 375 mA, which was 1.5 times the acceleration current, and 20 sccm
of argon gas introduced.
[0078] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Example 6

[0079] The same procedures as in Example 1 were performed except that the second and fourth layers were changed
to tantalum oxide, and the second and fourth layers were formed by ion assisted vapor deposition under conditions of
an acceleration voltage of 600 V, an acceleration current of 250 mA, a bias current of 375 mA, which was 1.5 times the
acceleration current, and 20 sccm of oxygen gas introduced.
[0080] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Example 7

[0081] The same procedures as in Example 1 were performed except that the second and fourth layers were changed
to niobium oxide, and the second and fourth layers were formed by ion assisted vapor deposition under conditions of
an acceleration voltage of 600 V, an acceleration current of 250 mA, a bias current of 375 mA, which was 1.5 times the
acceleration current, and 20 sccm of oxygen gas introduced.
[0082] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Comparative Example 1

[0083] The same procedures as in Example 1 were performed except that zirconium oxide layers as the second and
fourth layers were vapor-deposited without ion assist.
[0084] The period of time required for the sequence of operations for forming the layers, i.e., the operations of from
degassing operation in the first chamber through formation of an antifouling layer on the opposite surface, was 45 minutes.

Evaluation

[0085] The average particle diameter in the zirconium oxide layer was obtained in the following manner. The lens for
spectacles was evaluated for scratch resistance and impact resistance. The results obtained are shown in Table 1.

Average Particle Diameter

[0086] A zirconium oxide layer was formed into a film having a thickness of 100 nm on a silicon wafer under the same
conditions as in the vapor deposition process of zirconium oxide in Examples and Comparative Example, and the average
particle diameter of particles formed with the grain boundary was measured with an atomic force microscope (hereinafter
referred to as AFM), produced by SII NanoTechnology Inc. The specific procedures were as follows.

Method for measuring Average Particle Diameter

(1) Measurement of height of measuring cell

[0087] A measuring area in a square shape of 1 Pm � 1 Pm was set on a surface of a specimen. The edges of the
square were each divided into 256 segments. Accordingly, 256 � 256 cells were set in the square area of 1 Pm � 1
Pm. The height (position) of each of the cells was measured with AFM.

(2) Setting Threshold Value

[0088] The zone of from the minimum height to the maximum height was divided into 256 sections, and the numbers
of cells within each of the sections in height were counted. The height of the cell when 50% of the number of cells with
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respect to the total number of the cells had heights equal to or higher than a threshold value was designated as the
initial threshold value. The ratio of the number of cells having heights equal to or higher than the threshold value with
respect to the total number of the cells is referred to as a cumulative frequency distribution ratio. Accordingly, the initial
value of the cumulative frequency distribution ratio is 50%.

(3) Calculation of Particle Total Area ST

[0089] The particle total area ST is shown by the following expression: 

wherein Si represents the particle area, which is the area of cells having height equal to or higher than the threshold
value, and N represents the number of the cells.

(4) Determination of Validity of Threshold Value

[0090] A value of the particle total area ST with respect to the area of the measured area (1 Pm � 1 Pm = 1 Pm2 in
Examples) is designated as a particle area ratio.
[0091] The particle area ratio is preferably from 5 to 70% owing to the following reasons. In the case where the particle
area ratio is less than 5%, the number of cells that are subjected to calculation of the particle total area ST is too small,
and the sensitivity of the particle total area ST is lowered. In the case where the particle area ratio exceeds 70%, the
area of the cells that are subjected to calculation of the particle total area ST is too large, and the accuracy of the particle
total area ST is lowered.
[0092] In the case where the particle area ratio is from 5 to 70%, the subsequent procedure (5) is performed. In the
case where the particle area ratio is less than 5%, the cumulative frequency distribution ratio in the procedure (2) is set
smaller to increase the threshold value, and then the calculations in the procedures (3) and (4) are performed. In the
case where the particle area ratio exceeds 70%, the cumulative frequency distribution ratio in the procedure (2) is set
larger to decrease the threshold value, and then the calculations in the procedures (3) and (4) are performed.
[0093] The cumulative frequency distribution ratio is preferably from 40 to 80%. In this case, the threshold value
satisfies the following expression: 

[0094] The cumulative frequency distribution ratio is preferably from 40 to 80% owing to the following reasons. In the
case where the cumulative frequency distribution ratio is less than 40%, the number of cells that are subjected to
calculation of the particle total area ST is too small, and the sensitivity of the particle total area ST is lowered. In the case
where the cumulative frequency distribution ratio exceeds 80%, the area of the cells that are subjected to calculation of
the particle total area ST is too large, and the accuracy of the particle total area ST is lowered.

(5) Average Area

[0095] The particle total area ST is divided by the number of cells to provide an average area SV.

(6) Average Particle Diameter DV

[0096] The average particle diameter DV under assumption that the particle is in a circular form is obtained by the
following expression. 
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Scratch Resistance

[0097] A test specimen (lens for spectacles) produced under the same conditions as in Examples and Comparative
Examples and a standard lens (CR39, produced by Sunlux Co., Ltd.) were simultaneously scratched with a medium
having a mass of 500 g reciprocated 600 times using a Bayer testing machine, produced by COLTS Laboratories (the
conditions were the standard conditions designated by COLTS Laboratories). The scratched lenses were measured for
haze value (with an automatic haze computer, produced by Suga Test Instruments Co., Ltd.), and the Bayer ratio R was
calculated from the ratio of changes in haze value of the test specimen and the standard lens, thereby evaluating scratch
resistance. The Bayer ratio R was calculated by the following expression: 

wherein H represents the haze value; ST represents the standard lens; SA represents the lens for spectacles as a test
specimen; 0 represents before the test; and 1 represents after the test.
[0098] A larger value for R means better scratch resistance. The medium used was hard sandy particles having a
composition containing from 21 to 23% by mass of ZrO2, from 73 to 77% by mass of Al2O3 and from 0.3 to 1.3% by
mass of HfO2.
[0099] The measurement was performed for three pieces each of the test specimen and the standard lens for calculating
values of R, and the average value thereof was designated as a measured value.

Impact Resistance

[0100] A falling ball impact test according to the FDA Standard was performed. Specifically, a steel ball having a mass
of 16.3 g was dropped from above vertically on a lens that was placed with the convex surface upward. The height of
the steel ball when the lens was broken was measured. The plastic lens substrate measured had a thickness of 1.1 mm
at the center of the lens.

Evaluation Results

[0101] Examples 1, 2, 4 and 5 have an average particle diameter in the high refractive index layer of 30 nm or less,
a high Bayer ratio and excellent impact resistance, and require a short period of time for forming the film.
[0102] Example 3 has a small average particle diameter of 16.0 nm and a high Bayer ratio, but has slightly lowered

Table 1

Average particle 
diameter

(nm)

Bayer ratio
R

Impact resistance
Film forming time

(hr)Height (cm) FDA Standard

Example 1 24.3 12.15 167 passed 0.75

Example 2 28.8 11.10 167 passed 0.75

Example 3 16.0 12.26 147 passed 4.00

Example 4 26.1 12.03 167 passed 0.75

Example 5 20.3 12.22 167 passed 0.75

Example 6 18.5 14.15 147 passed 0.75

Example 7 18.0 15.22 147 passed 0.75

Comparative Example 
1

30.2 5.62 187
passed 0.75
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impact resistance, and requires a prolonged period of time of 4 hours for forming the film.
[0103] As a material for the high refractive index layer, tantalum oxide is used in Example 6, and niobium oxide is
used in Example 7. The tantalum oxide layer and the niobium oxide layer have a smaller average particle diameter than
the average particle diameter of the zirconium oxide layer, and thus have a higher Bayer ratio, which shows excellent
scratch resistance.
[0104] On the other hand, Comparative Example 1 has impact resistance and a period of time required for forming
the film that are equivalent to Examples 1 and 2, but has a significantly low Bayer ratio due to the large average particle
diameter in the zirconium oxide layer, which shows deteriorated scratch resistance.
[0105] The invention can be applied to a plastic lens for spectacles, and can also be applied, for example, to antire-
flection of dust-proof glass, dust-proof quartz, a condenser lens, a prism and an optical disk, antireflection of a display
device, antireflection of a solar cell, and an optical isolator.

Claims

1. A multilayer antireflection layer comprising a high refractive index layer and a low refractive index layer that are
laminated alternately,
the high reflective index layer having a grain boundary, and
particles forming the grain boundary having an average particle diameter of 30 nm or less.

2. The layer according to claim 1, wherein the average particle diameter of the particles forming the grain boundary is
from 14 to 30 nm.

3. The layer according to claim 1 or 2, wherein the high refractive index layer contains at least one of zirconium oxide,
tantalum oxide and niobium oxide.

4. The layer according to claim 1, 2 or 3, wherein the low refractive index layer contains silicon oxide.

5. A plastic lens comprising a plastic lens substrate having formed thereon the multilayer antireflection layer according
to any one of the claims 1 to 4.

6. A method for producing the multilayer antireflection layer according to any one of the claims 1 to 4, the method
comprising:

forming the high refractive index layer by a dry film forming method.

7. The method according to claim 6, wherein the dry film forming method is an ion assisted vapor deposition method.
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